Abstract Damage tolerance analysis (DTA) was considered in the global design optimization of an aircraft wing structure. Residual strength and fatigue life requirements, based on the damage tolerance philosophy, were investigated as new design constraints. The global/local finite element approach allowed local fatigue requirements to be considered in the global design optimization. AFGROW fatigue crack growth analysis provided a new strength criterion for satisfying damage tolerance requirements within a global optimization environment. Initial research with the ASTROS program used this damage tolerance constraint to optimize cracked skin panels on the lower wing of a fighter/attack aircraft. For an aerodynamic and structural model of this type of aircraft, ASTROS simulated symmetric and asymmetric maneuvers during the optimization. Symmetric maneuvers, without underwing stores, produced the highest stresses and drove the optimization of the inboard lower wing skin. Asymmetric maneuvers, with underwing stores, affected the optimum thickness of the outboard hard points. Subsequent design optimizations included DTA and von Mises stress constraints simultaneously. In the configuration with no stores, the optimization was driven by the DTA constraint and, therefore, DTA requirements can have an active role to play in preliminary aircraft design.
mization, and to consider the effects of various constraints on design. Detailed local structural analyses are impractical in a global design optimization. At present, coarse global finite element models are initially used to optimize the structure, and refined analyses are subsequently performed on local details. If local fatigue design requirements are not met, costly global redesigns may be needed. Therefore, providing local fatigue requirements in the global optimization would be beneficial.
Elements of fatigue crack growth analysis
Fatigue is a process which causes premature failure of a structure subjected to repeated loads. It is characterized as a progressive failure phenomenon that proceeds by the initiation and propagation of cracks to an unstable size. Fatigue is controlled by four factors: 1) stress history, 2) material properties, 3) chemical environment, and 4) manufacturing quality. The frequency of application, magnitude, sequence, and sign of the applied loads affects the rate of fatigue onset and growth. Certain materials are prone to fatigue while others are highly resistant. The chemical (corrosion), temperature, and loading rate environment can also interact with the fatigue process. The manufacturing quality of the structure includes details such as local stress concentrations, existing flaws, surface finish irregularities, and residual stresses.
During the growth of a crack, the structural strength decreases until it becomes too low to support the applied loads, and fracture occurs (Broek 1989) . Thus, cracks must be prevented from growing to a size at which the remaining strength, or "residual strength", would be inadequate to sustain these loads. This requires knowledge of how strength is reduced by crack length.
To determine safe operational life, one must be able to calculate the time at which a crack becomes too long and produces fracture. Therefore, a damage tolerance analysis is performed to provide information on structural strength reduction as a function of crack size and to determine crack growth life. The accuracy of the respective DTA depends on the accuracy of the material properties, predicted loads, and stresses (Broek 1989) .
Fracture mechanics is the mathematical tool employed in DTA. The fracture mechanics analysis starts with an initial crack length a i . The initial crack length is often assumed. This assumption is based on experience with similar components and typical flaws created by the manufacturing process, dictated by the nondestructive inspection method and inspector skill, or defined by a regulatory authority. A fracture critical location (FCL) is a safety-of-flight structural detail susceptible to fatigue, and its location is determined through stress analysis and/or full-scale fatigue testing. In the DTA philosophy, cracks are assumed to exist in fracture critical locations and to grow in the worst orientation, even in the newest structure.
The stress intensity factor K is the single parameter used to characterize the severity of a crack. This parameter is based on the crack tip stress field and is related to load, crack size, and geometry. The stress intensity factor is defined in (1) where σ = aggregate stress, a = crack length, and β = dimensionless function defined by the local structural configuration.
Every fracture mechanics problem requires knowledge of the stress intensity factor for the crack of interest. Handbooks, such as Tada et al. (1987) , contain a large collection of stress intensity factor solutions. When repeated loads are present, the cyclic stress intensity factor ∆K in (2) controls the fatigue crack growth rate da/ dN in (3) (Broek, 1989) . This da/ dN − ∆K relationship is a material property and can be found in the literature for various materials.
The stress intensity factor also controls the final fracture event. The fracture toughness K c of a material is the stress intensity factor level that causes fracture. Fracture toughness and da/ dN − ∆K data can be found in the USAF Damage Tolerant Design Handbook (Damage, n.d.). With the stress intensity factor and fracture toughness known for a given structure, the critical crack length a c at fracture can be determined. With a stress intensity factor solution, da/ dN − ∆K data, an initial crack length, and the critical crack length, the crack growth life N needed to grow the crack to fracture can be computed through the numerical integration of (4).
Criteria for design optimization with damage tolerance constraints
Fatigue crack growth rate is primarily dominated by material properties and the stress history. The stress history must be relatively benign in magnitude and frequency to produce a large crack growth life. Since the stress history is determined by the intended usage of the aircraft, reducing the stress magnitudes through redesign of the local structure has been used to meet the design life requirement. Chaperon et al. (1999) optimized the shape of a structural cutout in their research to reduce local stresses and maximize fatigue life. Neese (1995) varied the thickness of wing skin panels to maximize fatigue life by using the Automated STRuctural Optimization System (ASTROS) computer program (Johnson and Venkayya 1988) . A normalized stress history of the local structure was factored by a fatigue stress allowable. The fatigue stress allowable was the largest stress that can be multiplied by the normalized stress history and still meet the design life requirement. This fatigue stress allowable became another stress constraint in the global multidisciplinary optimization process. If the fatigue life of an FCL is too short, then redesign of the structure will be needed, or an inspection program will be required during service. The USAF DTA policy requires the crack growth life of a noninspectable crack at an FCL to be double the design life. If the crack is inspectable at a base or depot, then an inspection is required at one-half the crack growth life. If the fatigue life of an inspectable area is twice the design life, then no inspection is needed during service. Accounting for fatigue early in the design process can remove or reduce inspection requirements, thereby reducing operational costs. This requires a methodology for linking DTA within the global design optimization environment.
Integration of global and local issues
Structural optimization typically considers global issues such as flutter, dynamics, internal load paths, and gross stress calculations. Local issues such as fatigue are generally not considered in a global analysis. Including DTA criteria in the global analysis would distort the optimization. The solution is to perform a global analysis of the structure first, subject to global behavior and manufacturing constraints, and then use the local load path, load spectra, and stiffness results as input for a local structural analysis. The issue of mixed-mode fatigue crack growth in a multi-axial loading environment can be addressed by using the maximum principal stress, as fatigue cracks grow perpendicular to the maximum principal stress direction. The maximum principal stress is used as the remote stress in the pure Mode I fracture mechanics equations. Results of the local DTA analysis are then used to define constraints and sensitivities in a subsequent global optimization loop.
Approach
The MSC/ASTROS multidisciplinary design optimization (MDO) code was used to develop the fatigue stress history and optimize the thickness of a lower wing skin for a fighter aircraft. A load factor history was developed in earlier research (Arrieta and Striz 2001) to define the aircraft usage
